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A DIGITAL VOLTAGE REGULATOR USING CURRENT CONTROL 

Rarlcn-mmd 

The present invention relates generally to voltage regulators, and more particularly to 
control systems for switching voltage regulators. 

Voltage regulators, such as DC to DC converters, are used to provide stable voltage 
sources for electronic systems. Efficient DC to DC converters are particularly needed for battery 
management in low power devices, such as .aptop notebooks and ce.lu.ar phones. Switching 
vohage regulators (or more simp.y "switching regu.at„rs") are known to be an efficient rype of 
DC ,0 DC converter. A switching regulator generates an output vohage by converting an mpu. 
DC vohage into a high frequency voltage, and filtering .he high frequency voltage to generate the 
, 5 output DC vohage. Typically, fine switching regulator includes a switch for alternate* couphng 
and de-coupling an unregulated input DC vohage source, such as a bauery, to a load, such as an 
integrated circuit An output filter, typically including an inductor and a capacitor, is coupled 
between the input vohage source and me load to filter the output of the switch and thus provide 
ure output DC voltage. A controller measures an electrica. characteristic of*, circuit, e.g., the 
20 vo.ugeorcun.ntpassmgmroughm.load.andse.sU.edurycycleof.heswi.chinorderto 

maintain the output DC voltage at a substantially uniform level. 

Voltage regulators for microprocessors are subject to ever more stringent 
performance requirement One trend is ,o operate a. higher currents, e.g., 35-50 amps. Another 
tte „d is to rum on or off different parts of the micropnrcessor in each cycle in order ,o conserve 
25 power This requires that the vohage regulator react very quickly to changes in the load, e.g., 
several nanoseconds ,o shift from the minimum to the maximum load. Still another trend is «o 
place the voltage relator close to the microprocessor in order to reduce parasitic capacnance, 
re sisance and/or inductance in the connecting lines and thereby avoid current losses. However, 
in order to place the vohage regulator close to me microprocessor, the voltage regulator needs to 

30 be small and have a convenient fotm factor. 

,„ addition to these specific trends, high efficiency is genera.lv desirable in order to avotd 
memra, overload a, high loads and to increase battery life in portable system, Another desirable 



feature is for the voltage regulator to have a "standby mode" which consumes little power at low 
loads. 

Conventional controllers are constructed from analog circuits, such as resistors, 
capacitors and op-amps. Unfortunately, analog circuits are expensive and/or difficult to fabricate 
as inteerated circuits. Specifically, special techniques are needed to fabricate resistors and 
semiconductor devices. In addition, analog signals can be degraded by noise, resulting in a loss 
of information, 

In view of the foregoing, there is room for improvement in voltage regulators and control 
systems for voltage regulators. 

'summary 

In general, in one aspect, the invention is directed to a voltage regulator. The regulator 
has an input terminal coupled to an input voltage source and an output terminal coupled to a 
load A switching circuit intermittently couples the input terminal and the output terminal in 
response to a digital control signal. A filter provides a generally DC output voltage at the output 
terminal. A current sensor generates a digital first feedback signal representing the current 
passing through the switching circuit. A voltage sensor generates a second feedback signal 
representing the output voltage. A digital controller receives and uses the digital feedback signal 
to generate the digital control signal. The digital controller is configured to maintain the output 
voltage at the output terminal at a substantially constant level. 

In another aspect, the invention is directed to a voltage regulator having an input terminal 
coupled to an input voltage source and an output terminal coupled to a load. The voltage 
regulator has a plurality of slaves, each slave having a switching circuit to intermittently couple 
the input terminal and the output terminal in response to a digital control signal, a filter to 
5 provide a generally DC output voltage at the output terminal, a cunent sensor to generate a 
digital feedback signal representing the current passing through the switching circuit, and a 
digital controller which receives and uses the digital feedback signals from the slave plurality of 
slaves to generate the plurality of digital control signals. The digital controller is configured to 
maintain the output voltage at the output terminal at a substantially constant level. 
30 In another aspect, the invention is directed to a method of operating a voltage regulator 



which has an input terminal coupled .0 an inpu, voltage source and an output terminal eoup.ed ,0 
a load The input terminal and the output terminal are coupled intermittently by a swttchtng 
circuit in response .0 a digital control signal. An output of the switching circuit is filtered ,0 
provide a generally DC outpu, voltage a. the output tenninal. A digital feedback stgnal . 
.enerated representing the current passing through the switching circuit with a current sensor. A 
"digital controller receives and uses the digital feedback signal from the slave ,0 generate the 
digital control signal. The digital controller is confignred ,0 maintain the output voltage a, the 
output tenninal at a substantially constant level. 

In another aspect, the invention is directed to a voltage regulator having an input temunal 
coup.ed .0 an input voltage source and an output terminal coupled ,0 a load. A switching circuit 
intermittent* couple* the inpu, terminal and the output terminal in response ,0 a contro. signa!. 
ft'fl* provides a generally DC output voltage at the output terminal. A digital controller 
operates a, a clock frequency which is significantly faster than a desired switching freuuency 
t . of the switching circuit. Each clock cycle the digital controller receives a firs, d.gnal 
f^back signal derived from an ou«pu, voltage a, the output terminal and a second dtgtta. 
feedback sigrta. derived from a current passing through the switching circuit, and generates the 
control signal to control the switching circuit so that the output voltage is maintained a. a 
substantially constant level. 

In another aspect, the invention is directed .0 a method of operating a voltage regulator 
which has an inpu, terminal coupled .0 an inpu, voUage source and an outpu, temtina. coup.ed ,0 
a load The inpu, tenninal and <he outpu, terminal are intermittently coupled by a swttchmg 
circuit in response ,0 a contro. signal. An output of the switching circuit is filtered to provide a 
oenetally DC output voltage a, me output tennina.. A digital controller is operated at a dock 
frequency fc. which is significantly faster man a desired switching frequency U of the 
switching circuit, Tbe digital controller receives a firs, digital feedback signal derived from an 
oulpu, voltage a, the output terminal and a second digital feedback signal derived from a current 
passing through the inductor each dock cycle each Cock cycle. The contro! signa. is generated 
with the digital controller ,0 contro, the switching circuit so that the output voltage is tnatntatned 
at a substantially constant level. 

Advantages of the invention may include the following. The voltage regulator handles 



relatively large currents reacts quickly to changes in the load. The voltage regulator may use 
small capacitors with a convenient form factor. The voltage regulator can include multiple slaves 
which are operated out of phase in order to reduce current ripple. The use of analog circuits is 
minimized by converting analog measurements in the controller into digital signals. The 
5 controller may be implemented using mostly digital circuitry, and may be fabricated using 
known processes through conventional complementary metal oxide semiconductor (CMOS) 
fabrication techniques. This reduces the number of off-chip components in the controller. The 
controller operates with a digital control algorithm in which the operating parameters may be 
modified to adapt the voltage regulator for different applications. The digital control algorithm 
10 can operate at clock frequency significantly higher than the switching frequency, allowing quick 
response to changes in the load. The master and slaves can communicate with digital signals, 
thereby providing improved communication reliability. 
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FrK Pf«™ r tirm of the Drawings 
Fig. 1 is a block diagram of a switching regulator in accordance with the present 
invention. 

Fig. 1 A is a block diagram of another implementation of a switching regulator in 

accordance with the present invention. 

Fig. 2 is a schematic circuit diagram of a current sensor from the switching regulator of 

20 Fig. 1. 

Fig. 3 is a block diagram of a controller from the switching regulator of Fig. 1. 

Fig. 3A is a block diagram of a controller from the switching regulator of Fig. 1A. 

Fig. 4 is a flow chart showing a method performed by the controller of Fig. 3. 

Fig. 5 is a timing diagram comparing an estimated current to the actual current passing 

25 through a slave. 

Figs. 6A-6D are timing diagrams illustrating the correction of the estimated current. 
Figs. 7A-7D are timing diagrams illustrating the output signal from a current sensor 
associated with the correction of the estimated current in Figs. 6A-6D. 

Fig. 8 is a timing diagram comparing a desired voltage to the actual output voltage of the 

30 switching regulator. 
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Fig. 9 is a simplified schematic circuit diagram for use in determining a desired current. 
Fig. 10 is a flow chart showing the step of controlling the switching circuits from the 
method of Fig. 4. 

Fig. 1 1 is a flow chart illustrating a method of controlling a reference slave from the 

5 switching regulator of Fig. 1. 

Fig. 1 2 is a timing diagram illustrating a current passing through a reference slave 

resulting from the method of Fig. 11. 

Fig. 13 is a timing diagram illustrating a control signal to the reference slave of Fig. 1 1. 
Fig. 13A is a timing diagram illustrating a control signal to a reference slave from the 

10 switching regulator of Fig. 1 A. 

Fig 14 is flow chart illustrating a method of controlling the phase relationship of the 
sbves in which one transistor is swttched a pr«e, time following the switching of the reference 
slave and the other transistor is switched based on a comparison of the estimated current to a 
current limit. 

Fig. 15 is a timing diagram illustrating the currents passing through the reference slave 
and a non-reference slave resulting from the method of Fig. 14. 

Fig. 16 is a flow chart illustrating a method of controlling the phase relationship of the 
slaves in which the current limits of the non-reference slaves are adjusted. 

Fig. 17 is a timing diagram illustrating the currents passing through the reference slave 
^0 and a non-reference slave resulting from the method of Fig. 16. 

Fig. 18 is a flow chart illustrating a method of generating a ghost current for a non- 
reference slave. 

Fig. 19 is a flow chart illustrating a method of controlling the phase relationship of the 
slaves in which the estimate slave current is compared to the ghost current. 
25 Fig. 20 is a timing diagram illustrating the current passing through the reference slave 

during the method of Figs. 18 and 19. 

Fig. 21 is a timing diagram illustrating the ghost conduction states for one of the non- 
reference slaves resulting from the reference slave current shown by Fig. 20. 

Fig. 22 is a timing diagram illustrating the ghost current resulting from the method show. 
30 by Fig. 1 8 and the ghost conduction states shown by Fig. 2 1 . 



15 



10 



15 



20 



Fig. 23 is a timing diagram illustrating the reference slave performance resulting*.™ the 
method shown by Fig. 19 and the ghost current shown by Fig. 22. 

Fig 24 is a flow char, illustrating a method of controlling the phase relattonshrp of.be 
sl aves in which a uhos, current is genera.ed for .he reference and .he non-reference sUves, and 
Ure es.ima.ed slave current is compared .o .he ghos. current .o con.ro. me staves. 

Fig. 25 is a timing d.agram M *e ghos. conduction sta.es for one of the non- 
reference slaves resulting from a clock signal. 

Fig . 26 is a timing diagram illustrating the ghost current resulting from the method shown 
by Fig. 18 and the ghost conduction states shown by Fig. 25. 

Fig. 27 is a timing d.agram illustrating the slave performance resulting from the method 
shown by Fig. 24 and the ghost current shown by Fig. 26. 

Detailed Pr«ription 

Referring to Fig. 1. a switching regulator 10 is coupled to an unregulated DC input 

, i <« C n as a battery by an input terminal 20. The switching regulator 10 is also 
voltage source 12, such as a battery, oy *u F 

■ tofTMt „H r : rcmt Kv an output terminal 22. The load 14 
coupled to a load 14, such as an integrated circuit, oy an o P 

- -n.ivn.tMeV and a voltage tolerance AV^. A typical nominal 
tvoically has an expected nominal voltage ana a vu 0 

volt nominal voltage. The switchmg regulator 10 serves as a DC to 

. . •>? The switchina regulator 10 includes one or more 

input terminal 20 and the output terminal 22. The switemng s 

„ ;„™,t voltaee V at the input terminal 20 to an output voltage V„ at 
slaves 16 for converting an input voltage v, aim " 

... ■.u'.*.t«imnt!4V of die nominal voltage V^,, ana a 
the oulpu. terminal 22 which is within the tolerance av_ mav 
m Jcontro.,er, 8 for controlling , he operation of .he slaves ,6. The master controller , 8 may 
be powered by dte voltage source .2 (as illustrated, or by another voltage source 

,„ brief, dte master controller .8 uses a digital curten.-based con.ro. algorithm. Based on 

a set of control signa.s to control each slave .6 and se, it ,. the appropria«e state. Mote 
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particularly, the master controller 18 ensures that the current flowing out of the switching 
regulator 10 matches the current flowing into the load 14, thereby maintaining the output voltage 
at a substantially constant level. For example, if the current load (or S1 mply "load") increases, 
then the amount of current passing through the slaves is increased. This permits the current to 
"ramp up" until the desired load is reached. On the other hand if the load decreases, the amount 
of current passing through the active slaves is decreased. This permits the current to "ramp 
down" until the desired load is achieved. 

Each slave 16 includes a switching circuit 24 which serves as a power switch for 
altematelv coupling and decoupling the input terminal 20 to an intermediate terminal 26. The 
switching circuit 24 also includes a rectifier, such as a switch or diode, coupling the intermediate 
terminal 26 to ground. The intermediate terminal 26 of each slave is coupled to the output 
terminal 22 by an output filter 28. The opening and closing of the switching circuit 24 generates 
an intermediate voltage V int having a rectangular waveform at the intermediate terminal 26. The 
output filter 28 converts this rectangular waveform into a substantially DC output voltage at the 
output terminal 22. Although the switching regulator will be illustrated and described below for 
a buck converter topology, the invention is also applicable to other voltage regulator topologies, 
such as boost converter or buck-boost converter topologies. 

As illustrated, the switching circuit 24 and the output filter 28 are configured in a buck 
converter topology. Specifically, the switching circuit 24 of each slave 16 includes a switch, 
such as a first transistor 30 having a source connected to the input terminal 20 and a drain 
connected to the intermediate terminal 26. The switching circuit 24 also includes arectifier. such 
as a second transistor 32 having a source connected to ground and a drain connected to the 
intermediate terminal 26. The first transistor 30 may be a P-type MOS (PMOS) device, whereas 
the second transistor 32 may be an N-type MOS (NMOS) device. Alternately, the second 
transistor 32 may be replaced or supplemented by a diode to provide rectification. The first and 
second transistors 30 and 32 may be driven by switching signals on control lines 44a and 44b, 
respectively. The output filter 28 includes an inductor 34 connected between the intermediate 
terminal 26 and the output terminal 22, and a capacitor 36 connected in parallel with the load 14. 
In addition, the capacitors 36 from each slave 16 may be supplemented or replaced by one or 
) more capacitors connected to a common line from the inductors 34. 
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When the first transistor 30 is closed and the second transistor 32 is open (the PMOS 
conduction state), the intermediate terminal 26 is connected to the voltage source 12, and the 
voltage source 12 supplies energy to the load 14 and the inductor 34 via the first transistor 30. 
On the other hand, if the first transistor is open and the second transistor is closed (the NMOS 
conduction state), the intermediate terminal 26 is connected to ground and the energy is supplied 

to the load 14 by the inductor 34. 

Each slave 16 also includes first and second current sensors 40 and 42 to measure the 
current flowing through the first and second transistors 30 and 32, respectively. The master 
controller 18 uses the information from the current sensors 40 and 42 in the current-based control 
algorithm. Each current sensor generates a digital output signal on one more output lines. For a 
single-bit signal, the digital output signal on the output line may switch from high to low (or v,ce 
versa) when the current passing through the slave exceeds or falls below a trigger current. 
Specifically, the signal on a first output line 44c from the first current sensor 30 swttches from 
low to high when the current passing through the first transistor exceeds a first trigger current 
I Similarly, the output signal on a second output line 44d from the second current sensor 42 
s^ches from high to low when the current passing through the second transistor 32 drops below 

a second trigger current 1^^. 

As shown in Fig. 1 , each output line 44c and 44d may be connected directly to the master 
controller 18. Alternately, as shown in Fig. 1A, the first and second output lines may be tied 
together to form a single output line 44g. In this case, the master controller 18' determmes 

whether the signal g„ g„ .... u « *■ °»<P>« «- «* re P resCTB ** " n * < 
first or second transistor based on whether the slave is in a PMOS (the firs, transistor) or NMOS 

(the second transistor) conduction state. 

Referring to Fig. 2, each current sensor, such as first current sensor 40, includes a 
reference transistor 52, a current source 54, and a comparator 56. A similar current sensor is 

described in simultaneously filed U.S. Application Serial No. 09/__,_, by , entttled 

CURRENT MEASURING TECHNIQUES, Express Mail Label EM202542906US, and 
assigned to the assignee of the present invention, the entire disclosure of which is incorporated 
herein by reference. The reference transistor 52 has a source connected to flte source of the 
transistor being measured, U., firs, transistor 30, a drain connected to me current source 54, and 
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a gate connected to a control line 44e. The reference transistor 52 is matched to the power 
transistor 30, i.e., the transistor elements are fabricated using the same process on the same chip 
and with the same dimensions so that they have substantially identical electrical characteristics. 
A known current I ref flows through the current source 54. A positive input of the comparator 56 
is connected to a node 58 between the drain of the reference transistor 52 and the current source 
54, and a negative input of the comparator 56 is connected to the intermediate terminal 26. The 
output of the comparator is connected to the reference line 44c. The second current sensor 42 is 
constructed similarly, but with the polarity associated with an NMOS transistor. 

In operation, assuming that both the power transistor 30 and the reference transistor 52 
are closed, a slave current I slavc will flow through the power transistor 30, and a reference current 
I ref will flow through the reference transistor 52. The voltage at the node 58 is given by 
V„od = v ™ - ( r r x kf) wnere Rr is tne et l uivalent resistance of the transistor 52, whereas the 
voltage V iM at the intermediate terminal 26 is given by = - (R P x I slavt ) where R P is the 
resistance of the power transistor 30. Since the reference transistor 52 is fabricated with a single 
transistor element, whereas the power transistor is fabricated with N transistor elements, the 
resistance R P of the power transistor will be substantially equal to 1/N times the resistance R R of 
the reference transistor 52, and = V in - (R P x N x U consequently, the node voltage V node 
will be greater than the intermediate voltage V* if the slave current I slive is greater than N x I« f . 
Therefore, current sensor 40 will output a high signal on output line 44c if the slave current 1^ 
is greater than a threshold current N x U whereas it will output a low signal on reference line 
44c if the slave current I stavt is lower than the threshold current N x U- 

The two current sensors 40 and 42 may be constructed with different reference currents 
I ref to provide different threshold currents T^ and T,^. A first threshold current T^ for the 
first current sensor 40 may be larger than a second threshold current T^ for the second current 
sensor 42. Thus, current sensor 40 will output a high signal on the first output line 44c if the 
slave current I sUve is greater than the threshold current T^ and will output a low signal if the 
slave current I slive is less than the threshold current T^. Similarly, current sensor 42 will output 
a high signal on output line 44d if the slave current I sUve is greater than the threshold current 
T and will output a low signal if the slave current I sllve is less than the threshold current T,,^. 
These simple threshold output signals provide information about the current passing through the 
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slave to the master controller 18, are less susceptible to noise than analog signals, and consume 
less power and avoid the large number interconnects that would be result from a full analog-to- 
digital conversion of the current. 

The current thresholds T^ and T_ are selected so that the slave current I $lsve crosses at 
least one of the thresholds each switching cycle, i.e., each PMOS and NMOS conduction state. 
The threshold current T^ should be higher than the threshold current T ncros ,to increase the 
likelihood that the slave current I slivc will cross the threshold occurs after the comparator is 
enabled. In one embodiment, the first threshold current T_ may be about 8 amps, whereas the 
second threshold current T^ may be about 2 amps. 

The current sensors can be configured to output more than one digital signal. For 
example the current sensor can generate a first digital signal if the slave current I shve exceeds a 
first threshold current W a second digital signal if the slave current I sU , exceeds a second 

threshold current Tp,^, etc. 

Returning to Fig. 1. as previously discussed, the output voltage V out at the output 
terminal 22 is regulated, or maintained at a substantially constant level, by the master controller 
18 The master controller 18 measures the voltage at the output terminal 22 and receives the 
digital output signals on the output lines 44c and 44d from the current sensors 40 and 42 of each 
slave 16 In response to the measured output voltage V. and the output signals from the current 
sensors, the master controller 18 generates control signals to control the operation of the first and 
second transistors 30, 32 in each slave 16. The operation of master controller 18 will be 

described in more detail below. 

The master controller 18 and the slaves 16 may be constructed utilizing mostly digital 
and switched-capacitor based components. Thus, most of the switching regulator 10 could be 
implemented or fabricated on a single chip utilizing conventional CMOS technique, However, 
it is preferred for each slave 16 to be fabricated on a single chip and for the master controller 18 
to be fabricated on a separate chip. Alternately, each slave could be fabricated on a single IC, the 
voltage sensor could be fabricated on a separate IC chip, and the remainder of the digital 
controller coould be fabricated on yet another IC chip. Each chip may be fabricated utilizing 
conventional CMOS techniques. 
30 Referring to Fig. 3, master controller 18 includes a voltage sampling circuit 60 which 
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measures the output voltage V 0UI at the output terminal 22 at one or more discrete times during 
each cycle of the switching circuit. The sampling circuit 60 may be constructed substantially as 
described in U.S. Application Serial No. 08/991,394, by Anthony J. Stratakos et al., filed 
December 16, 1997, entitled DISCRETE-TIME SAMPLING OF DATA FOR USE IN 
SWITCHING REGULATORS, and assigned to the assignee of the present invention, the entire 
disclosure of which is incorporated herein by reference. The ground for the sampling circuit 60 
may be connected directly to the ground of the microprocessor to reduce errors caused by 
parasitic capacitance and inductance. The voltage sampled by sampling circuit 60 is converted 
into a digital voltage signal by an analog-to-digital (A/D) converter 62. 

The master controller 18 also includes a digital control algorithm 64. The digital control 
algorithm receives the digital voltage signal from the A/D converter 62, the output signals c„ c,, 
...c n and d„ d„ <L. from the output lines 44c and 44d, and a clock signal 66 from an external 
clock. The clock signal 66 may be generated by the same clock that runs the microprocessor, by 
other IC devices in the load, or by a clock on the master controller chip. The clock frequency/ cU)Ck 
> should be significantly larger than the switching frequency / switeh of the switching circuit 24, e.g., 
by a factor often to one-hundred, to ensure quick response to changes in the load. However, the 
clock frequency / cl0£k should not be so high that the switching regulator and master controller 
constitute a large drain on the voltage source. Typically, the clock frequency / clock does not to be 
as high as the microprocessor clock speed, and can be generated by dividing down the 
20 microprocessor clock signal. The clock signal 66 may have a frequency/ el0£k between about 16 

and 66 MHz, e.g., about 33 MHz. 

Referring to Fig. 3 A, another implementation of the master controller 18' includes a 
voltage sampling and holding circuit 60' connected to the output terminal 24 to measure the 
difference between the output voltage and the nominal voltage, i.e., V oul(n) - V,^, and the 

25 difference between the present output voltage and the output voltage in the previous clock cycle, 
i.e., v 0u({n] - V^,,. A digital nominal voltage may be set by external pins and converted 
into an analog voltage by a digital-to-analog (D/A) converter 68. In this implementation, the 
voltage differences sampled by the sampling circuit 60' is converted into two digital voltage 
difference signals by two A/D converters 62'. The smaller range of conversion required for the 

30 voltage differences (as compared to the A/D converter 60') permits the use of simpler and faster 
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A/D converters. The digital control algorithm receives the digital voltage difference signals from 
the A/D converters 62', the output signals c„ c : , ...c n and d„ d : , d„ from the output lines 44c 
and 44d, the clock signal 66 from an external clock, the digital nominal voltage V^, and the 
current limit signals on the current limit line 44h (discussed below with reference to Fig. 1 A). 
Returning to Figs. 1 and 3, the digital control algorithm 64 generates a set of control 

signals a„ a 2 , a,, and b„ b : b„ on the timing lines 44a and 44b to control the transistors 30 

and 32 in each slave 16. Based on the current load, the digital control algorithm 64 determines 
the switching state of each slave, i.e., PMOS transistor 30 closed and NMOS transistor 32 open, 
NMOS transistor 32 closed and PMOS transistor 30 open, or both PMOS transistor 30 and 
NMOS transistor 32 open, so as to maintain the output voltage V oul at the output terminal 22 
substantially within the voltage tolerance AV nora of the nominal voltage V^. 

Alternately, referring to Figs. 1 A, 3A and 13A, the master controller 18' may generate 
one or more digital state control signals which are interpreted by an on-chip interpreter 48 in 
each slave 16' to generate the control signals on control lines 44a' and 44b'. As illustrated, the 
> master controller 18' generates PMOS state control signals e„ e,, .... e N on state control line 44e, 
NMOS state control signals f„ f 2 , f N on state control lines 44f, and continues/discontinuous 

mode operation control signals h„ h 2 h N on state control lines 44h. Specifically, when the 

slave is to be switched to a PMOS conduction state, the master controller outputs a pulse 49a on 
the PMOS state control line 44e. On the other hand, when the slave is to be switched to an 
0 NMOS conduction state, the master controller 1 8' outputs a pulse 49b on the NMOS state 
control line 44f. The on-chip interpreter 48 interprets the rising edge of the pulse 49a on state 
control line 44e as a command to switch the slave 16 to the PMOS state, e.g., by setting control 
line 44a' high and setting control line 44b' low. Conversely, the rising edge of the pulse 49b on 
state control line 44f is interpreted by the on-chip interpreter 48 as a command to switch the 
25 slave 1 6 to the NMOS state, e.g., by setting control line 44a' low and setting control line 44b' 
high. The on-chip interpreter can interpret the falling edges of the pulses on state control lines 
44e and 44f as commands to enable the comparators 56 in the current sensors 40 and 42, 
respectively. 

If continuous mode operation is enabled (e.g., the control line 44g is low), then the 
30 switching circuit will operate normally when the slave current I slI « is negative. However, if the 

12 
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NMOS .,ansis,or 30 is Cos* and if discontinuous mode operation con.ro, sign*, is disabled 

w m be opened if .he slave curren. I_ falls beiow zero, so as .o preven. negative current from 
nowinu trough .he siave. .„ genera., .he mas.er confer ,8 causes .he slaves .0 operate ,n the 
, Continuous mode, as this is more efficient. However, i, may he advanugeous to operate m me 
continues mode if .here is a large and swift drop in the load. 

The siaves may aiso inc.ude an fauti protection circuit 68 tha, aU,oma,.cal.y shuts dowr. 

A. master comrofler . 8' ma. me siave has hee„ deactivated. The siaves may genemte other 

conduction state. , 0 about every 30 nanoseconds if the clock 

15 Refemng to Fig. 4, each clock cycle T^„e.g., about every 

fteouencv/, k is about 33 MHz, the digital control algorithm 64 may perform a control method 

64 also ca.cuU.es a desired voltage V. which represents me targe, output voltage on outpm 
which should be flowing to me load through me inductor so that the ourpu, votiage V„ - 
determines me desired number of slaves to be activated in the next Cock cycle ,s,ep .08, and 

the siaves is substantially equal, e.g., within a desire* cmren, en.r AU, » - — 
shou,db«reaUzedti M .mes«epsneed TO .b.^o ro edinfl,eo^ S pec,fi*F<»ex^ 

30 stTred. S^.^^^^^^^^ 

13 



in the next clock cycle. 

Referring to Figs. 1 and 5, the estimated current I esninite is calculated in step 102. The rate 
of change of a current passing through an inductor, i.e., dl/dT, is proportional to the voltage 
across the inductor, V jnductor , so that 

y =L 2- 0) 

r inductor j j* 

where L is the inductance of the inductor for a current flowing from the intermediate terminal 26 
to the output terminal 22. During the PMOS conduction state, the intermediate terminal 26 is 
connected to the input voltage source and the voltage V induetor across the inductor 34, i.e., V out - 
V intennedilte , is positive, thereby causing the current through the inductor to increase. On the other 
hand, during the NMOS conduction state, the intermediate terminal 26 is connected to ground so 
that the voltage V inductor across the inductor 34 is negative, thereby causing the current through the 
inductor to decrease. During the PMOS conduction state, the slope of the slave current I shve 
(shown by phantom line 70) is given by 

dj^ KzLm (2) 
dT L 

whereas during the NMOS conduction state, the slope of the slave current I, tov « is given by 

dJ _ - v «i, (3) 
dT L 

The estimated current W (shown by solid line 72) is adjusted every clock cycle. 
Specifically, during the PMOS conduction state, the estimated current I« onute is incremented by a 
ramp-up value 6± each clock cycle. Similarly, during the NMOS conduction state, the 
estimated current U- is decremented by a ramp-down value AI^, each clock cycle. The 
ramp-up and ramp-down values AI^ and AI^ may be given by 

at yjg- M d =_J^- (4) 

^up - j 7 ^ T.f 

where L is the inductance of the inductor 34 and/ elock is the clock frequency. 

Nominal values may be used for the variables in the determination of AI^ and AI^, so 
that the ramp-up and ramp-down rates do not change during operation of the switching regulator. 
Alternately, one or more of the values of V* V ou „/ cl0£k and L may be measured and used for 
recalculation of and Al^to provide dynamic adjustment of the ramp-up and ramp-down 
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rates during the operation of the switching regulator 10. Unfortunately, the inductance L and the 
input current are not known exactly and can change over time or vary from circuit to circuit. 
Thus, the estimated current will depart from the actual slave current I slw . Consequently, it 
is necessary to occasionally check the estimated current I ejtjinaie against the actual slave current 
5 I sUve . Each clock cycle, the estimated current I <sdnule for the slave is checked against the output 
signals from the current sensor 40 and 42. If the estimate disagrees with the measurement, then 
the estimate is adjusted to match. 

Referring to Figs. 6A and 7A, during the PMOS conduction state, if the estimated current 
Testing j s below the upper threshold current 1^ but the output signal c, from current sensor 40 is 
1 0 high, the estimated current is increased to match I^. Referring to Figs. 6B and 7B, if the 

estimated current I estinBtt exceeds the upper threshold current 1,^. but the output signal c, is low, 
the estimated current 1^ will be held at 1^ until the output signal c, goes high. Referring to 
Figs. 6C and 7C, during the NMOS conduction state, if the estimated current is above the 
lower threshold current I,^ but the output signal d, from current sensor 42 is low, the estimated 
1 5 current 1^ is immediately decreased to match 1,^. Referring to Figs. 6D and 7D, if the 
estimated current would fall below the lower threshold current I,^ but the output signal 
d, is high, the estimated current l atini1t will be held at 1^ until the output signal d, goes low. 
The calculation of the estimated current is summarized in Table 1 . 



PMOS conduction 
state 


^estimate ^ ^pcioss 


c, high 


increment I Ktimal£ by AI^ 


c, low 


hold at 1^ 


^estimate < ^pcross 


c, high 


increase I estimate to 


c, low 


increment I« rinute by AI^ 


NMOS 

conduction state 


^estimate ^ ^ncross 


d, high 


decrement by AI^ 


d, low 


decrease to 1^ 1 


^estimate < Uncross 


d, high 


hold Iestiimrx at ^ncros 


d, low 


decrement by AI^ 



Table 1 



20 The digital control algorithm may ignore the signals from the current sensors in one or more 

clock cycles immediately after switching between the PMOS and NMOS conduction states to 

prevent spurious signals from accidentally adjusting the estimated current. 

A delay time AT^ created by the switching time required to trip the comparator and the 

propagation time required for a signal to travel along the output line 44c or 44d may be factored 

25 into the determination of the estimated current. For example, if the estimated current is 
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corrected when the output signal cl switches from low to high, a correction factor AT deby x AI^ x 
f«m ^ added to the estimated current to represent the actual current when then master controller 
receives the change in the output signal cl . Similarly, if the estimated current is corrected 
when the output signal dl switches from high to low, a correction factor AT^x x/ $witch is 
5 subtracted from the estimated current. Alternately, the threshold current 1^ may be decreased 
by a correction factor AT^x Al^x/^ and the threshold current I^may be increased by a 
correction factor AT^ x AI^ x/ swit£h (while maintaining the original values of and I neross 

used in Table 1) for the same effect. 

Referring to Fig. 8, the desired voltage is selected in step 104 to improve the 
10 likelihood that the output voltage V out will remain within the voltage tolerance AV M of the 

nominal voltage V^. The effect of changes in the load on the output voltage V out is illustrated 
by phantom line 80. Specifically, when the load suddenly increases, current flows out of the 
capacitor 36 and into load 14, thereby decreasing the output voltage V out . Conversely, when the 
load on the switching regulator suddenly decreases, charge accumulates on the capacitor 36, 
15 thereby increasing the output voltage V our This causes the output voltage V out to exceed the 
tolerance voltage, e.g., by an excess voltage AV„ eess . 

The controller 1 8 selects a desired voltage in order to decrease or eliminate the 
excess voltage AV KCtss . When the load on the switching regulator is at a minimum, the load can 
only be increased, and therefore the output voltage can only decrease. Conversely, when the 
20 load on the switching regulator is at a maximum, the load can only decrease, and therefore the 
output voltage V oul can only increase. When the load is low, the desired voltage can be set 
to be slightly greater than the nominal voltage V^. When the load is high, the desired voltage 
V teired may be set to be slightly less than the nominal voltage V^. As shown by solid line 82, 
this technique reduces the excess voltage AV wess thereby improving the likelihood that the 
25 output voltage V, will remain within the designated voltage tolerance AV_ of the nominal 
voltage V^. Thus, for a given load, the switching regulator can use smaller capacitors and 
maintain the same voltage tolerance. The desired voltage V^,, for clock cycle n+1 may be 
calculated as follows: 



= C ' F - +C : (K »'» M> + (C « +C2> 



r i-2^W JH , g (5) 



. V 
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L 

where I lMd is the current passing through the load 14 (computed from Equation 8 below), 1^ is 
the maximum current permitted through the load 14, c, and c, are feedback constants, and AV wns 
is the change in voltage permitted by the voltage tolerance, i.e, AV wing < AV,^,,. For example, if 
the nominal voltage V nom is 1.3 volts and the voltage tolerance is +/- 6%, then AV,^ will be 
5 about 78 millivolts and AV sw , ng may be approximately 30 millivolts, cl may be about 1 .0, and c2 

may be about -0.9375. 

Once the desired voltage V,^ has been determined in step 104, the desired total current 
W is determined in step 106. Specifically, the desired current I^, is set so as to maintain the 
output voltage V ou , at the output terminal 22 at the desired voltage V^^. In general, assuming 
1 0 that the output voltage V w is equal to the desired voltage V^, the total current passing through 
the inductors to the load should equal the current through the load, i.e., 1^, = I tod . However, if 
the voltage V oul differs from the desired voltage V^, then the current flowing through the 
switching regulator 10 may be adjusted to correct for this voltage error. Thus, the desired total 
cuirent I^, may be expressed as 

15 W = W + ^ 

where I^, is an adjustment factor to correct for voltage error. 

Referring to Fig. 9, assuming all the capacitors connected to the output terminal are in the 
slaves, the load current I load is equal to the sum of the output current ^.(i) from each slave 16, i.e., 

20 The output current I oul (i) of each slave 1 6 is equal to the difference between the current flowing 
through the inductor 34, i.e., the slave current I sllve (i), and the current flowing into or out of the 
capacitor 36, i.e., a capacitor current I cip (i), so that 

W0 = wo - U0> (8) 
Therefore, in this configuration, the desired total current 1^, may be expressed by 

25 =1/^(0-1/^(0 + /^ W 

i i 

The slave currents I $lave (i) are not known exactly, but may be approximated as the sum of the 
estimated current I„ dmate from each slave. In addition, the capacitor currents I c2p (i) are not known, 
and the capacitors in the slaves may be supplemented or replaced by one or more capacitors, such 
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as microprocessor bypass capacitors, connected to a common line from the inductors 34. 
However, in general, if the output voltage V out is changing, then current must be flowing into or 
out of the capacitors 36. Consequently, the total capacitor current I CAP may be expressed by 

/ =C .^l (10) 
CAP Af 

where C is the total capacitance of the capacitors connected between the output terminal and 
ground, AT is the clock period, and AV out is the change in the output voltage over the clock 
period. Thus, the load current 1,^ may generally be determined from 

j = fj . (A-^HL-C (ID 
1 load £^ 1 estimate V* I 

In the implementation shown in Fig. 3, the calculation of AV 0Ut , i.e. V oWt „, - V ou4n .,j, may 
be performed by the digital control algorithm 64, whereas in the implementation shown in Fig. 
3 A, the voltage difference V^, - V ointn _ n is provided by the sampling and holding circuit 60'. 

The adjustment current, I ldjust , may be linearly proportion to the difference between the 
measured output voltage V out and the desired voltage V^. Therefore, the desired total current 
I oo1 may be calculated as follows: 

1 total eitmottV ' x 0B ' acJ 

where K is a feedback constant that determines the adjustment current 1^^,. 

Once the total desired current U, has been determined, the controller 18 determines how 
many slaves should be active in step 108. The number of slaves for the current cycle can be 
computed in a previous clock cycle. In general, the number of active slaves will be proportional 
to the desired total current. For example, if the maximum average current through each slave 16 
is about 7 amps, then one slave may be active if the U is between 0 and 7 amps, two slaves will 
be active if U, is between 7 and 14 amps, etc. More particularly, the number of active slaves 
may be given by Table 2. 
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Once the desired total current I*,, and the number of active slaves have been determined, 
the desired voltage I toire4 may be calculated for each slave in step 1 10. Specifically, the desired 
voltage I desired may simply be the total current U, divided by the number of active slaves. 

Once the desired current 1^ has been calculated for each active slave, the switching 
circuit in each active slave is controlled (step 1 12) so that the average current passing through the 
active slave is substantially equal to the desired current and the total current passing 
through the switching regulator is substantially equal to U, Thus, the current flowing out of the 
switching regulator 10 matches the current flowing into the load 12, thereby maintaining the 
output voltage at the desired voltage V^. The remaining, i.e., inactive, slaves are 
disconnected, i.e., both the PMOS transistor 30 and the NMOS transistor 32 are left open. 

A variety of control algorithms are possible to control the switching circuits of the active 
slaves so that the total current passing through the switching regulator is substantially equal to 
the desired total current U, In general, the control algorithm is selected to balance the 
following factors: 1) enabling all the slaves to switch on or off simultaneously for quick response 
to changes in the load, 2) ensuring that the slaves operate at the desired phase offsets to minimize 
voltage ripple, 3) maintaining the average current equal to the desired current to maintain the 
voltage at a substantially constant level, and 4) switching at a desired switching frequency. 

Referring to Fig. 10, one of the active slaves is selected as a reference slave (step 120), 
e.g., based on a predetermined selection pattern. For example, a specific slave may be 
designated as the reference slave, or the reference slave may rotate through the slaves. As 
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discussed below, the behavior of the remaining slaves, i.e., the non-reference slaves, is tied to the 
behavior of the reference slave. The reference slave may be selected at power-up of the 
switching regulator, or each time that the number of active slaves changes. Once the reference 
slave is selected, a desired phase offset is calculated for each non-reference slave (step 122). The 
desired phase offsets may be determined each time that the number of active slaves changes. The 
non-reference slaves will be controlled to operate at the desired phase offsets. 

Each clock cycle; two current limits, including an upper current limit I,,^ and a lower 
current limit I towet , are calculated for the reference slave (step 124). Finally, the reference slave is 
controlled based a reference slave control algorithm (step 126) and the non-reference slaves are 
controlled based on a non-reference slave control algorithm (step 1 28). In several 
implementations, the reference slave is controlled based on a comparison of the estimated current 

to the upper and lower current limits 1^, and I l0WCT , and the non-reference slaves are 
controlled based on the desired phase offset. Of course, the ordering of the steps shown in Fig. 
10 is exemplary, and the steps could be performed in parallel in another order. For example, in 
any particular clock cycle, the current limits could be calculated before the phase offsets, and the 
calculation steps could occur after the control steps if the slaves are controlled based on current 
limits and phase offsets calculated and stored in prior clock cycles. 

In step 122, for each non-reference slave, the control algorithm calculates a desired phase 
offset <D(i) representing the desired time delay in the onset of the PMOS and NMOS conduction 
states between the reference and non-reference slaves. For example, if two slaves are active, then 
they should be 180° out of phase, and the time delay should be equal to one-half of the switching 
period T, i.e., <D(1) = 54 T. If three slaves are active, then they should be 120° out of phase, and 
the time delays <D(1) , <D(2) should be equal to one-third and two-thirds of the switching period, 
respectively. By operating the slaves out of phase, the current ripples from each slave will at 
least partially cancel, thereby providing a more constant output current from the switching 
regulator. The desired phase offsets are summarized by Table 3. 
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The upper and lower current limits and I lower are calculated for the reference slave in 
step 124 so that the average current through the reference slave 16 is equal to the desired current 
Id«M- Specifically, the upper current limit and lower current limit I tower are calculated as 
follows: 

where AI„ is bandwidth of the reference slave. The bandwidth Alo is set based on the desired 
switching frequency, as follows: 
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where/ swj[ch is the desired switching frequency. The desired switching frequency is selected to 
provide good dynamic response while maintaining adequate power efficiency. In general, 
increasing the switching frequency reduces the current ripple but makes the switching regulator 
more inefficient. Conversely, decreasing the switching frequency improves the power efficiency 
of the switching regulator but increases the current ripple. The switching frequency should be in 
the range of about 0.5 to 5.0 MHz, e.g., about 1 MHz. The bandwidth calculation to provide the 
desired switching frequency may be based on either measured or nominal values of the other 

variables in Equation 14. 

One implementation of the basic operation of the master controller 18 in controlling the 
reference slave will be explained with reference to Figs. 1 1-12. As previously noted, the master 
controller 18 calculates an estimated current U, (shown by solid line 70) in step 102. The 
master controller 18 also calculates an upper current limit 1^ (shown by solid line 72) and a 
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lower current limit I lower (shown by solid line 74) in step 122. Digital control algorithm 64 
compares the estimated current 1^ of the reference slave to the upper and lower limits I u 
and I |0WCT to determine whether to switch the first and second transistors 30 and 32. Specifically, 
when the estimated current 1^ exceeds the upper current limit ^ the NMOS transistor 32 is 
5 closed and the PMOS transistor 30 is opened, thereby connecting the intermediate terminal 26 to 
ground. On the other hand, when the estimated current falls below the lower current limit 
1^ the NMOS transistor 32 is opened and the PMOS transistor 30 is closed, thereby connecting 
the intermediate terminal 26 to the input voltage source 12. Consequently, assuming that the 
estimated current W accurately represents the current I slave passing though the reference slave, 
10 the reference slave current I shve (shown by phantom line 76) oscillates between the upper and 

lower limits 1^ and 1^ and the average current reference slave current is approximately equal 
to the desired current 1^ (shown by phantom line 78). 

In the switching regulator 1 0' shown in Fig. 1 A, when the estimated current I^* 
exceeds the upper current limit 1^ the master controller 18' outputs a pulse 49b on state 
15 control line 44f. This pulse is interpreted by the on-chip interpreter 48 as a command to open the 
PMOS transistor 30 (shown by the control line control line 44a going low in Fig. 13A) and close 
the NMOS transistor 32. On the other hand, when the estimated current 1^ falls below the 
lower current limit I tower , the master controller outputs a pulse 49a on state control line 44e which 
causes the NMOS transistor 32 to open and the PMOS transistor 30 to close (shown by control 

20 line 44a going high in Fig. 13 A). 

The upper and lower current limits 1^ and I lower are used to control the switching circuit 
24 to ensure that the average current flowing out of the reference slave matches the desired 
current. For example, if the load increases, then 1^ is increased and the current limits I,^ and 
I w are increased. On the other hand if the load decreases, then 1^ is decreased and the current 
25 limits 1^ and I lowff are decreased. In addition, when the load is substantially constant, the 
bandwidth AIo between the upper and lower current limits 1^ and I, ow sets the switching 
frequency of the switching circuit 24. 

A variety of control algorithms are possible to control the switching circuits of the non- 
reference slaves in order to achieve the desired current and phase offset. Referring to Fig. 14 and 
30 1 5, in one implementation of the digital control algorithm 64, the non-reference slaves are 

22 



c 



controlled based on one of the current limits and the switching time of the one of the transistors 
in the reference slave. In brief, switching of the non-reference slaves is triggered by two events: 
when the estimated current for the slave passes one of the current limits, and expiration of a 
phase offset timer that starts when the reference slave switches due to the other current limit. 

Specifically, when the estimated current I esrinutt of the non-reference slave exceeds the 
upper current limit 1^ (calculated in Equation 12 for the reference slave), that non-reference 
slave commences its NMOS conduction state, i.e., the PMOS transistor 30 is opened and the 
NMOS transistor 32 is closed. The digital control algorithm can include one or more phase 
offset timers. The phase offset timer is used to trigger the PMOS conduction state of the non- 
reference slaves. Specifically, the timer is started when the reference slave commences its 
PMOS conduction state. Each clock cycle, the timer is compared to the desired phase offset <I>(i) 
of each non-reference slave. When the offset time <D(i) associated with a particular non-reference 
slave has expired, that non-reference slave commences its PMOS conduction state, i.e., the 
NMOS transistor 32 is opened and the PMOS transistor 30 is closed. Thus, the phase offset (i) 
determines the delay between the reference and non-reference slaves in the onset of the NMOS 
conduction states. Of course, the triggering scheme could be reversed, with the PMOS 
conduction state triggered when the non-reference slave falls below the lower current limit I towCT , 
and the timers activated when the reference slave commences its NMOS conduction state. 

Referring to Fig. 16 and 17, in a second implementation of the digital control algorithm 
64, upper and lower current limits 1^(0 and I Iower (i) are calculated for each non-reference slave. 
The upper and lower current limits are selected so that the average current through the non- 
reference slave 16 is equal to the desired current 1^. Since each slave has its own current 
limits, the bandwidth AI 5 of each slave controls the switching frequency for that slave. 
Specifically, the switching period T may be calculated from the following equation: 

r = A/ ..f_^ _L> (15) 

\ in r out ' out J 

In order to adjust the phase difference between the reference and non-reference slaves, the 
bandwidth AI; of the non-reference slave is adjusted to change its switching frequency. This 
slows or speeds the non-reference slave relative to the reference slave, thereby modifying the 
time difference between the PMOS and NMOS conduction states. Once the desired phase 
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difference has been achieved, the bandwidth of the non-reference slave is adjusted agam so that 
the switching frequencies of the two slaves match. To adjust the bandwidth of the non-reference 
stave digit., contro. algorithm 64 measures me actua. rime delay T s and T, berween the onset of 
me NMOS and PMOS conducrion sra.es of the two slaves. Then the bandwidth M, is se. equal 
5 to the desired bandwidth, plus a feedback term that is proportional to me error or difference 

berween me desired and actua. time delays. For example, the bandwidth M, may be ca.cu.a.ed as 
follows: 

AI, = AI„ +K,[*(i)-T !1 ] +K 2 [*(i)-T,] < 16 > 
where K, and K, axe feedback enor constants and AI„ is me desired bandwidm ca.eula.ed in 
,0 Equa.ion.3. Then the upper current limit W(') and lower current limit IW9 are calculated as 
follows: 

The upper and tower limits WO and WO are used to trigger the firs, and second 
transistors 30 and 32 of the non-reference slaves. Specifically, when the estimated «— 
15 , (i) exceeds ,he upper current limit *• ™OS ™ sistOT 30 is ^ *' NM ° S 

tfTistor 32 is closed. On me other hand, when me es.ima.ed current WO falls below the 
tower curren, limi, WO, me NMOS transistor 32 is opened and .he PMOS .ransistor 30 is 
closed. Consequently, assuming tha, me es,ima,ed curren, WB accurately represen,s ,he 
curren, WO passing .hough me slave, me slave curren, WO osci.la,es berween me upper and 
20 lower limits W» ^ WO- Thus, me average cunen. passing through the slave ,s 

approximately equal to W0, and the tom. curren. passing through .he swUching regulator ts 

,1 ♦ t tvi#» unnpr and lower current limits are set so 
approximately equal to the desired total current W The upper and lower 

that the average total output current from the slaves matches the load. 

Referring to Fig. 18-23, in a third implementation, me digital control algonthm 64 
,5 ca.cula.es a "ghost" curren, for each non-reference slave .6. The ghos, cun-en, W i) represents 
a desired cun-en, flowing .hrough ma, slave, given the curren. limits and the desired phase offset. 
Each non-reference slave is controlled by comparing me es,ima,e<i curren. W0 for me non- 
reference slave to the ghost current I ghos ,0)- 

The ghos, cun-en. may be calculated in a fashion similar ,o .he calculation of me 
es.ima.ed curren.: during me ghos. PMOS conduction state me ghos, cunen, W> (*— * 
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solid line 84 in Fig. 22) is incremented by a ramp-up value AI^ gho4 , each clock cycle, and during 
the ghost NMOS conduction state the ghost current l ghost (i) is decremented by the ramp-down 
value AI^.^, each clock cycle. However, if the ghost current l gh0Jt (i) would exceed the upper 
current limit then the ghost current is set equal to the upper current limit I^. Similarly, if 
the ghost current l ghost (i) would fall below the lower current limit I IoweP then the ghost current is 
set equal to the upper current limit I tower . 

The ghost conduction states are triggered by the switching of the reference slave and the 
desired phase offsets (see Figs. 20 and 21). Specifically, the ghost switches to a ghost PMOS 
conduction state at the desired phase offset <D(i) after the reference slave switches to a PMOS 
conduction state. Similarly, the ghost switches to a ghost NMOS conduction state at the desired 
phase offset <D(i) after the reference slave switches to an NMOS conduction state. 

As mentioned above, switching of the non-reference slaves is controlled by comparing 
the estimated current Wi) for the non-reference slave (shown by solid line 86 in Fig. 23) to 
the ghost current I ghosl (i) for the non-reference slave (shown phantom line 84 in Fig. 23). 
Specifically, if the non-reference slave is in a PMOS conduction state, the ghost is in an NMOS 
conduction state, and the estimated current 1^(0 exceeds the ghost current I^i), then the 
slave will switch to an NMOS conduction state. Similarly, if the non-reference slave is in an 
NMOS conduction state, the ghost is in a PMOS conduction state, and the estimated current 
1^(0 falls below the ghost current U,(i), then the slave will switch to an PMOS conduction 
state. In other words, if the slave will switch the estimated current crosses the ghost current and 
the two current have opposite slopes. Thus, the slave is switched to effectively track the ghost 
current. In addition, if the ghost is in a PMOS conduction state, the non-reference slave will 
switch to an NMOS conduction state if the estimated current 1^.(0 exceeds the ghost current 
W i) by an current offset I oveP and if the ghost is in an NMOS conduction state, the non- 
reference slave will switch to a PMOS conduction state if the estimated current I eainBte (i) falls 
below the ghost current 1^(0 by an current offset W This ensures that the slave current 
tracks the ghost current even if the ghost current is changing rapidly. 

Referring to Fig. 24-27, in a fourth implementation, the digital control algorithm 64 
calculates a "ghost" current for both the reference slave and the non-reference slaves, and both 
the reference slave and the non-reference slaves are controlled by comparing the estimated 
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current I , (i) to the ghost current I ghos ,(i)- 
switching frequency approximate* equal ,o the desired switching frequency, e.g., 1 MK. and a 
I asedonnomina,va.uesofV,andV„„. The c.oc k signs. 90 is used to contto, the ghos, 

siave with each clock signa, otTse. hy the desired phase offset phi(i). The ghos. wtU be in a 

^ ^ (he sUve , s ^ mi m a 

ghost PMOS conduction state when the clock signal ™ 

UNMOScondnctionsratewhenOiecioCt signa, 90 associated w„h Ute siave ts iow. For 
Lnple if three s.aves are active, die Ihird ghos, switches after ,, 3 of the switching penod^r 
ghos, and ^ofdteswirchingperiod after die firs, gho, at the desired phase offset 
ohifil after the reference slave switches ro a PMOS conduction state. 
simite to rhecaicuiationofme ghost curxents discussed wi* reference to the third 
indentation and Fig. .8: during ,he ghos, PMOS conduction s,a,e ,he ghost current (,) 
(sh „wn hy soiid fine 92 in Fig. 26) is incremented by the ramp-up vahie each Cock 

L^P-downvaiue^eachCockcycie. However, if me ghos, -WO- 

..imit! men die ghos, current is set equal to the upper current tan, 
exceed the upper current limit 1^ men me 

foil KMnw the lower current limit 

Mower* 

I Similarly, if the ghost current 1^(0 would fall below tne 

ahost current is set equal to the upper current limit l l0WCT . 

Tef^ng to Figs. 24 and 27, as menfioned ahove, switching of the non-reference s,av. 

»i ,n Mceeds the ^ost current 1.^,0). wen tne 
conduction state, and the estimated current l cM {i) exceeds tne gn 

HMOS conduction srate, me ghos, is in a PMOS conduction state, and ,he estimate curren 
1^ (i) falls below the ghost current l^O), men the slave will switch to an PMOS conduction 
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the two current have opposite slopes. Thus, the slave is switched to effectively track the ghost 
current. 

In addition, the non-reference slave will switch to an NMOS conduction state if the 
estimated current I estjma «(i) would exceed the upper current limit 1^,,, or to a PMOS conduction 
state if the estimated current U^i) would fall below the lower current limit I 1<mer . To prevent 
excess switching that would reduce efficiency, the ramp-up and ramp-down values AI,^,, and 
Ala ^hcOf the ghosts may be set artificially lower than the ramp-up and ramp-down values AI„ 
and AI^ for the estimated current, e.g., by about 20-25%. Alternately, the ghost current could 
be permitted to exceed or fall below the upper and lower current limits and I, 0WCT by some 
preset margin. 

What is claimed is: 
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